Introduction
The glycan structures that modify proteins and lipids are known to mediate or modulate many biological processes including subcellular and cellular trafficking, intercellular adhesion, signaling and microbial attachment (Varki and Lowe 2009) . Numerous data show how crucial they are to the development and function of a complex multicellular organism, but the demonstration of their importance also came from the discovery of human diseases associated with altered glycosylation or glycosylation defects (Dube and Bertozzi 2005; Jaeken and Matthijs 2007) . Carbohydrate-based therapies have therefore received considerable attention in recent years (Dube and Bertozzi 2005) . Many of the biologically active glycan structures are terminated by an essential nine-carbon sugar, bearing a net negative charge at physiological pH values, and that is known as sialic acid, N-acetylneuraminic acid (Neu5Ac) being the most prominent form in humans. Sialylated oligosaccharides play important roles in cellular and molecular recognition and communication but also in diseases, notably in inflammation, microbial infection and cancer (Crocker et al. 2007; Varki 2008; Schauer 2009 ). Modifications of glycosylation of cell surface glycoconjugates, generally due to alterations of specific glycosyltransferase (GT) activities, are a common phenotypic change in malignancy and most of these glycosylation changes affect sialylation. Increased sialyl-Lewis X (Neu5Acα2-3Galβ1-4[Fucα1-3]GlcNAc), sialyl-Lewis a (Neu5Acα2-3Galβ1 -3[Fucα1-4]GlcNAc), sialyl-Tn (Neu5Acα2-6GalNAcα1-OSer/Thr) and sialyl-T (Neu5Acα2-3Galβ1-3GalNAcα1-O-Ser/ Thr) carbohydrate structures, or the general increase in sialylation of cell surface glycoproteins, are commonly observed in N-linked and O-linked oligosaccharides of carcinoma cell glycoproteins. These changes are usually associated with invasion and metastasis (Fukuda 1996; Kannagi 1997; Dall'Olio and Chiricolo 2001; Cazet et al. 2010) . Several studies demonstrated that sialyltransferase (ST) expression can be used as prognostic markers in breast and gastric cancers (Recchi et al. 1998; Gretschel et al. 2003; Hebbar et al. 2003) . Due to their role in abnormal sialylation of tumor cells, STs are therefore potential targets for new drug design strategies.
Although sialic acids are prominently displayed on vertebrate cells, there are also examples of terminal sialic acids in some bacterial lipooligosaccharides. Many of the sialic acid expressing bacteria are causative agents of serious illness in man and animals (Schauer 2000; Angata and Varki 2002) . These include among others the neuroinvasive organisms Escherichia coli K1 and Neisseria meningitidis causing meningitis and Campylobacter jejuni that causes food-borne gastroenteritis. Sialylated oligosaccharides on the cell surface of these bacteria are thought to provide a protective barrier to evade detection and attack by the host's immune system.
Glycosylation reactions require the coordinated action of a large number of GTs that catalyze the transfer of a monosaccharide residue from an activated donor to specific acceptor molecules, forming glycosidic bonds. Donor substrates are most commonly in the form of nucleotide sugars, but lipid phosphates (e.g. dolichol-phosphate sugars) and sugar-1-phosphates can also be used. STs are a subset of GTs that use cytidine monophosphate CMP-Neu5Ac to catalyze the transfer of Neu5Ac to the nonreducing end of a growing carbohydrate chain linked to a protein or a lipid. In natural glycoconjugates, sialic acids exist only in the α-configuration, except in the activated sugar donor, CMP-Neu5Ac, where the anomeric carbon is in the β-configuration. After a brief presentation of general trends concerning the classification and folds of GTs, this review will focus on the most recent structural data concerning STs.
Classification and folds of GTs
A sequence-based classification available at the CAZy server (http://www.cazy.org/) spreads GTs in many families thus reflecting the variety of molecules that can be used as acceptors (Cantarel et al. 2009 ). At the time of writing (August 2010), the database comprises more than 50,000 confirmed and putative GT sequences that have been divided into over 90 families (denoted as GTx). Structural information is now available for 34 distinct GT families, including both inverting and retaining enzymes from prokaryotes and eukaryotes. These studies reveal that this large enzyme family is characterized by a conserved 3D architecture since only two general folds (termed GT-A and GT-B) have been described for all structures of nucleotide-sugar-dependent GTs solved to date. At present time, 16 GT families adopt a GT-A fold, 12 adopt a GT-B fold and 4 families can be classified as variants of the GT-A and GT-B fold. In addition, the use of fold recognition methods showed that many of the yet structurally uncharacterized GT families are predicted to adopt a GT-A or GT-B fold (Breton et al. 2002 (Breton et al. , 2006 . These two fold families have members in the three domains of life. The GT-A fold consists of an α/β/α sandwich that resembles a Rossmann fold ( Figure 1A ). The central β-sheet is flanked by a smaller one, and the association of both creates the active site. Most GT-A enzymes are metal-ion-dependent and contain a conserved Asp-x-Asp (DxD) or equivalent motif that is crucial for catalysis. It was shown in the crystal structures to interact with the phosphate groups of nucleotide donor through the coordination of divalent cation, typically an Mn 2+ or Mg
2+
. The GT-B fold consists of two separate Rossmann domains with a connecting linker region and a catalytic site located in between ( Figure 1D ). The structural similarity between the two domains is high enough to propose that they are the result of gene duplication (Mulichak et al. 2001) . Although divalent cations may be required for full activity of GT-B enzymes, there is no evidence of a bound metal ion associated with catalysis. Recently, completely different folds have been observed for GTs belonging to families GT51 and GT66 that use lipid-phosphate-activated donor sugars (Lovering et al. 2007; Yuan et al. 2007; Igura et al. 2008; Maita et al. 2010) .
ST families
STs have been classified into five distinct families in the CAZy database; GT29 family comprising eukaryotic and viral Pedersen et al. 2003) . (B) GT-A (variant 1) fold represented by C. jejuni bifunctional α2,3/8-ST (Cst-II) in complex with CMP-3F-Neu5Ac (PDB code 1RO7; Chiu et al. 2004 ). (C) GT-A (variant 2) fold represented by the porcine ST3Gal-I in complex with CMP and Galβ1-3GalNAcα-PhNO 2 (PDB code 2WNB; Rao et al. 2009 ). (D) Classical GT-B fold represented by the E. coli β4-N-acetylglucosaminyltransferase (MurG) complexed with UDP-GlcNAc (PDB code 1NLM; Hu et al. 2003) . (E) GT-B fold of family GT80 STs represented by the P. multocida Δ24PmST1 in complex with CMP-3F(ax)-Neu5Ac and lactose (PDB code 2IHZ; Ni et al. 2007) . Bound ligands are represented with a stick model, and Mn 2+ , when present, by a ball. Drawings were generated with the program PyMol (http://www.pymol.org).
Structural aspects of sialyltransferases
ST sequences; GT38, GT42, GT52 and GT80 comprising bacterial ST sequences.
Eukaryotic STs (GT29 family) All the eukaryotic ST sequences as well as viral sequences are grouped into a single CAZy family, GT29. To date, 20 different STs acting on glycoproteins and/or glycolipids have been characterized in human Harduin-Lepers 2010) . They are classically split into four groups, depending on the type of linkage formed and the nature of the sugar acceptor (ST6Gal, ST6GalNAc, ST3Gal and ST8Sia) and they are named accordingly (Tsuji et al. 1996; Datta 2009 ). The ST6Gal group comprises only two protein members (ST6Gal-I and ST6Gal-II) that catalyze the transfer of Neu5Ac residues to the hydroxyl group in C6 of a terminal galactose residue of type 2 disaccharide (Galβ1-4GlcNAc), and potentially to the N-acetylgalactosamine (GalNAc) residue of LacdiNAc motif (GalNAcβ1-4GlcNAc; Rohfritsch et al. 2006) . The ST6GalNAc group comprises six different members (ST6GalNAc-I to VI) that catalyze a similar reaction but they use as acceptor a GalNAc residue found on O-glycosylproteins (ST6GalNAc-I, II and IV) or on glycolipids (ST6GalNAc-III, V and VI). The six protein members of the ST3Gal group (ST3Gal-I to VI) catalyze the formation of a α2,3-linkage between Neu5Ac and terminal galactose residues found on glycoproteins and glycolipids. The six enzymes of the ST8Sia group (ST8Sia-I to VI) mediate the transfer of Neu5Ac to the hydroxyl group in C8 of another terminal Neu5Ac residue also found on glycoproteins and glycolipids. The enzymatic properties of mammalian STs have been extensively studied in terms of substrate specificities toward synthetic acceptors as well as their glycoprotein and glycolipid preference, which revealed the exquisite specificity of some of them (see the most recent reviews, Datta 2009; Harduin-Lepers 2010)
Topology of eukaryotic STs
The vertebrate STs are localized in the Golgi apparatus and they share with the other Golgi-resident GTs a typical type II architecture consisting in a short N-terminal cytoplasmic tail, a single transmembrane domain followed by a stem region and a large C-terminal catalytic domain facing the luminal side (Paulson and Colley 1989) . Comparison of peptide sequences strongly indicates that the length and amino acid composition of catalytic domains are relatively well conserved and variations in protein sizes are generally attributable to differences in the length of the stem region. The stem region often displays high sequence variability and little secondary organization and is therefore predicted to be highly flexible (Donadio et al. 2003) . However, the role of the stem is not restricted to a linker between the transmembrane domain and the catalytic domain, and it has been proposed that this region could play a role in both Golgi retention and enzyme activity. The mechanism for retention of the enzymes in the appropriate subcompartment and the domains of the enzymes that direct this localization are not yet clear (for a recent review, see Tu and Banfield 2010) . Much work has been done on ST6Gal-I by KJ Colley and colleagues who observed that multiple signals are required for proper localization that involve its transmembrane domain and flanking regions, i.e. cytosolic tail and luminal sequences (Fenteany and Colley 2005) . The stem region can also be sensitive to proteolytic cleavage, a process that converts the membrane-bound enzyme in a soluble active form that is then secreted and found in various body fluids such as colostrum and serum (Colley 1997; El-Battari et al. 2003) . Experimental data also suggested that portion of the stem region could modulate the in vivo acceptor specificity (Legaigneur et al. 2001; Angata et al. 2004 ). The minimal size of catalytic domain has been determined for a few STs either experimentally by truncation experiments or alternatively by sequence comparison (Chen and Colley 2000; Legaigneur et al. 2001; Vallejo-Ruiz et al. 2001; Donadio et al. 2003; Angata et al. 2004 ). The proposed boundaries to delineate the stem region from the catalytic domain generally coincide, for each subgroup, with the end of a hypervariable region in the N-terminal ends of the polypeptides. The average size of the catalytic domain of an ST is roughly estimated around 300 (±20) residues. All eukaryotic STs share a unique feature, the presence, in their catalytic domain, of several conserved peptide sequences referred to as sialylmotifs L (large), S (small), motif 3 and VS (very small; Datta and Paulson 1997; Geremia et al. 1997; Jeanneau et al. 2004) . These motifs are considered as hallmarks for the identification of eukaryotic ST genes. Except for these peptide motifs, there are few sequence similarities between the various ST groups (ST6Gal, ST6GalNAc, ST3Gal and ST8Sia). The 20 distinct human ST sequences that have been cloned to date have in common the presence of only 10 invariant residues (five in motif L, two in motif S and VS and one in motif 3; Figure 2 ).
Plant ST-like protein sequences
Although it is commonly accepted that sialic acids do not exist in plants (Seveno et al. 2004) , putative gene homologs for mammalian STs have been detected in the genomes of plants. A close examination of the three Arabidopsis thaliana sequences that are found in GT29 clearly showed the presence of the four conserved sialylmotifs for two of these sequences (At1g08660 and At3g48820; Figure 2 ). With the exception of the conserved Glu residue of motif VS, all other invariant positions are conserved in the plant sequences. These two plant sequences were shown to be located in the Golgi apparatus using a proteomic approach (Dunkley et al. 2006) , and this was later confirmed for At3g48820 by confocal imaging (Daskalova et al. 2009 ). The α2-keto-3-deoxy-D-mannooctulosonic acid (Kdo), an acidic sugar that exists in plants, displays structural resemblance to sialic acid. Since Kdo and sialic acid transferases share common features such as the use of CMP-activated sugars as substrates, these plant ST-like proteins were considered as good candidates for the transfer of Kdo in plants, but their biological functions have not yet been elucidated (Daskalova et al. 2009; Seveno et al. 2010) . Despite the presence of sialylmotifs, one cannot totally exclude the possibility of a different transferase activity for these plant sequences.
Prokaryotic STs (GT38, GT42, GT52 and GT80) It has long been thought that sialic acids were unique inventions of the deuterostome lineage of animals, and later emerged in pathogens by convergent evolution or horizontal gene transfer. However, a comprehensive phylogenomic analysis of nearly 1000 microbial genomes indicated that the unique sialic acid biosynthetic pathway of animals is a much more ancient innovation (Lewis et al. 2009 ). Bacterial STs are often expressed by pathogenic bacteria that display mimics of sialylated human glycan structures on their cell surface. These bacteria include Neisseria gonorrhoeae, N. meningitidis, C. jejuni, Streptococcus sp., Haemophilus influenzae and E. coli. Because of the importance of these sialylated glycoconjugates in virulence, the enzymes that synthesize these structures represent attractive targets for therapeutic development. Bacterial STs are also of great interest for the large-scale synthesis of sialylated glycoconjugates (Fierfort and Samain 2008; Drouillard et al. 2010) .
All the known bacterial STs have been classified into four different CAZy families (GT38, GT42, GT52 and GT80). Family GT38 includes polySTs (NeuS, SiaD) from E. coli and N. meningitidis (Shen et al. 1999; Willis et al. 2008) . Family GT42 comprises mono-functional α2,3-STs and bifunctional α2,3/α2,8-STs from C. jejuni and H. influenza (Cst-I, Cst-II, Cst-III, Lic3A, Lic3B; Gilbert et al. 2000; Fox et al. 2006) . Similarly, family GT52 includes mono-functional α2,3-STs and bifunctional α2,3/α2,6-STs from Neisseria spp. (Lst), but also an α1,2-glucosyltransferase that uses UDP-α-D-Glc from Salmonella enterica subsp. arizonae (WaaH; Gilbert et al. 1996; Kaniuk et al. 2002) . The presence of both inverting and retaining enzymes in the same family is somewhat unexpected and highlights the difficulty in assigning a precise biochemical function to the yet uncharacterized protein sequences that classify into family GT52. Family GT80 comprises α2,3-STs, α2,6-STs and bifunctional α2,3/ α2,6-ST from Haemophilus ducreyi, Pasteurella multocida, Photobacterium spp. and Vibrio sp. (Yamamoto et al. 1998; Yu et al. 2005; Takakura et al. 2007; Tsukamoto et al. 2007) .
One peculiar feature is that some bacterial STs are multifunctional. The P. multocida PM0188/PmST1 enzyme of family GT80 has α2,3-ST, α2,6-ST, α2,3-sialidase and α2,3-trans-sialidase activities (Yu et al. 2005 ). In the same family, the α2,6-ST from Photobacterium damsela also has α2,6-sialidase and α2,6-trans-sialidase activities (Cheng et al. 2010) . In addition to α2,3-and α2,8-ST activity, a truncated form of the Cst-II protein from C. jejuni strain OH4384 (GT42) also demonstrated α2,8-sialidase and α2,8-transsialidase activities (Cheng et al. 2008) . The presence of competing ST and sialidase/trans-sialidase activities in the same enzyme is proposed to contribute to dynamic presentation of sialic acids in pathogenic bacteria (Chen and Varki 2010) . It remains to be determined if the multifunctionality of these enzymes is also observed in vivo and its physiological significance. Bacterial STs appear to have more flexible substrate specificity than their eukaryotic counterparts. The more striking result comes from a recent study showing that the α2,6-ST from Photobacterium sp. JT-ISH-224, when Structural aspects of sialyltransferases expressed in metabolically engineered E. coli cells, was able to use CMP-Kdo as sugar donor to produce 6'-Kdo-lactose (Drouillard et al. 2010) . Kdo is an essential component of lipopolysaccharide of Gram-negative bacteria and of the primary cell wall of higher plants. Although they use a similar CMP-activated sugar donor, the Kdo transferases (KdoTs) are not sequence-related to STs. In CAZy, KdoTs are found in families GT30 and GT73.
3D structures of STs
Structural information is currently available for six STs belonging to families GT29, GT42 and GT80 (Tables I and  II) . The bacterial ST (Cst-II) from C. jejuni, a highly prevalent food-borne pathogen, was the first crystal structure of a ST to be reported (Chiu et al. 2004) . This protein, which belongs to family GT42, is a bifunctional ST displaying α2,3-and α2,8-ST activities (Gilbert et al. 2000) . The Cst-II enzyme, which is involved in the biosynthesis of ganglioside mimics, can use both Galβ1-3/4-R and Neu5Acα2-3Galβ1-3/4-R as acceptor. At first sight, the Cst-II fold resembles the GT-A fold but with some differences in the connectivity of β-strands, so it must be considered as a new type of fold, also called GT-A variant 1 (Table I and Figure 1B) . The Cst-II fold is organized into two closely associated domains. The main central domain is composed of a mixed α/β fold with a central parallel seven-stranded twisted β-sheet (with topology 8712456) flanked by five helices on one side and four on the other side. The second domain, composed of a long coil and two helices, forms a lid-like structure that folds over the active site. A portion of this domain was shown in the crystal structure to become ordered upon the binding of the intact nucleotide donor substrate. This lid is thought to act both in protecting donor substrate from hydrolysis and in creating the acceptor binding site. A similar mechanism has already been observed in other GTs belonging to the GT-A family (for a review, see Qasba et al. 2005) . Cst-II has been crystallized in complex with either CMP or the nucleotide donor sugar analog CMP-3F-Neu5Ac (Table II) . In both complexes, the binding of CMP moiety is very similar. Although kinetic studies indicate that both Mn 2+ and Mg 2+ enhance slightly the Cst-II activity, no bound metal was observed in the active site. There are mono-functional (α2,3-ST) and bifunctional (both α2,3/2,8-ST) variants of Cst-II, which are 93-97% identical (Gilbert et al. 2000 (Gilbert et al. , 2002 . Protein sequence comparison indicates that only three residues (N51, L54 and I269) are specific for the bifunctional Cst-II variants. Mutational studies highlighted the importance of one of these variable residues (N51) in conferring the additional α2,8-ST activity in Cst-II (Gilbert et al. 2002) .
The crystal structure of a second ST from C. jejuni, Cst-I, a mono-functional α2,3-ST using exclusively Galβ1-3/4-R acceptor sugar, was solved in both apo and CMP-3F-Neu5Ac-bound form (Chiu et al. 2007 ). Cst-I, which belongs to the same family as Cst-II, adopts a similar GT-A-variant fold. Cst-I has an additional C-terminal domain comprising 130-150 residues. This domain of unknown function, absent in Cst-II, could be deleted without altering the in vitro Cst-I activity. There are other examples of GTs with such "add-on" domains (i.e. a lectin domain, coiled coil region, SH3 domain) that could potentially mediate substrate recognition and/or protein-protein interactions (Qasba and Ramakrishnan 2007) . Both Cst-I and Cst-II are tetrameric. The majority of the residues involved in oligomerization (primarily aromatic and hydrophobic residues) are conserved within the Cst protein family. Tetramerization is believed to confer greater protein stability. Although their sequences are only 42% identical, they use common amino acid residues for substrate binding and catalysis. However, significant differences were observed, particularly in the lid region, which is critical to the creation of the acceptor binding site. Comparison of the apo and substrate bound forms suggests that the donor substrate CMP-Neu5Ac binds first, and upon binding, induces conformational changes that create the acceptor binding site.
Although animal STs belong to a distinct GT family (GT29), some authors, using fold recognition methods, predicted that they may share a similar type of fold as Cst-II (Breton et al. 2006; Sujatha and Balaji 2006; Gu and Yu 2008 ). In addition, Chiu et al. (2004) also found some sequence similarities between the N-terminus of Cst-II and the sialylmotif L of eukaryotic STs. This has been recently confirmed with the publication of the first structure of a mammalian ST, the porcine ST3Gal-I (Rao et al. 2009 ). This enzyme catalyzes the addition of Neu5Ac to O3 of the galactosyl residue of Galβ1-3GalNAc, which is found O-linked to Thr or Ser on glycoproteins and in the ganglio-series glycolipids. The structure of the catalytic domain of pST3Gal-I consists of a mixed α/β fold, composed of a seven-stranded parallel β-sheet (topology 7612345) flanked by 12 α-helices. Despite having less than 10% sequence identity with Cst-II, pST3Gal-I shares a similar β-sheet core and is considered as a second distinct GT-A variant (termed variant 2; Table I and Figure 1C ). The pST3Gal-I has been crystallized in the apo form, in binary complex with a modified disaccharide acceptor (Galβ1-3GalNAcα-PhNO 2 ), and in ternary complex with CMP and disaccharide acceptor (Table II) . A flexible loop disordered in the native and ligand-bound structures is proposed to form a lid domain as observed in Cst-II. The structure of pST3Gal-I revealed three disulfide bonds, one connecting the two conserved Cys residues of motifs L and S, a feature that is likely to be conserved in all members of the animal ST family.
The multifunctional bacterial ST, PmST1 from P. multocida of family GT80, was the second structure of a ST to be solved (Ni et al. 2006 ). The major function of the enzyme is an α2,3-ST that transfers Neu5Ac to a galactose acceptor. The PmST1 structure belongs to the GT-B structural superfamily as it consists of two separate Rossmann domains with the active site located in the deep cleft between the two domains ( Figure 1E ). The truncated form of PmST1 (Δ24PmST1 deleted of its N-terminal 24 amino acid residues predicted to correspond to a membrane spanning domain) exists as a monomer in solution and crystals. The crystal structures of this enzyme have been first determined in the apo form and in complex with CMP (Ni et al. 2006) , and also in complex with both a donor analog (CMP-3F-Neu5Ac) and lactose acceptor (Ni et al. 2007; Kim et al. 2008) . A large closure movement of the N-terminal domain toward the C-terminal domain is observed upon CMP binding. The closed conformation of the protein is expected to be the active conformation that helps to define the acceptor binding site. In the same family, crystal structures of an α2,6-ST from Photobacterium sp. JT-ISH-224 in complex with CMP and lactose (Kakuta et al. 2008) , and an α2,3-ST from Photobacterium phosphoreum in complex with CMP (Iwatani et al. 2009 ), were also recently reported (Table II) . In all structures of this family, CMP moiety binds similarly and makes extensive contacts with only the C-terminal domain, whereas lactose acceptor, in the ternary complexes, interacts with residues of both domains. In contrast to other GT-B enzymes, STs of family GT80 lack the C-terminal α-helix that interacts with the N-terminal domain ( Figure 1D and E). The enzyme from Photobacterium sp. harbors at its N-terminus an additional noncatalytic domain, of yet unknown function, that adopts the immunoglobulin-like β-sandwich fold (Kakuta et al. 2008) .
No structural data have been yet reported for STs of families GT38 and GT52. Two highly conserved peptide motifs (D/E-D/ E-G and H-P) have been identified in bacterial (poly)STs of families GT38, GT52 and GT80 thus suggesting a common fold and origin (Freiberger et al. 2007) . As shown in the crystal structures of GT80 enzymes, these two motifs comprise residues important for catalytic activity. Point mutations introduced in the sequence of a N. meningitidis polyST (GT38) highlighted their functional importance for catalysis and CMP-Neu5Ac binding (Freiberger et al. 2007 ). Fold recognition approaches already suggested, with a high level of confidence, a similar GT-B fold for the polySTs of GT38 (Breton et al. 2006) . Although no clear structural relationship was obtained using these methods for protein members of family GT52, a tentative GT-B fold could reasonably be predicted on the basis of the presence of conserved motifs (Table I) . From this review on 3D structures, it appears that STs, whatever their eukaryotic or prokaryotic origin, also fall into the two main folding groups (GT-A and GT-B folds) that characterize GTs using a nucleotide-activated sugar donor. This is also true for the two GT families that comprise CMP-KdoTs, since a GT-A and a GT-B fold are predicted for GT73 and GT30 protein members, respectively (Breton et al. 2006 ; Table I ).
Sialylmotifs
The folds of STs of families GT29 and GT42 are considered as variants of the GT-A architecture, but they lack the DxD motif that is one characteristic feature of most GT-A enzymes. This Complex with Galβ1-3GalNAcα-PhNO 2 42
Cst Structural aspects of sialyltransferases motif or equivalent motif has been observed in all GTs that are strictly dependent on a divalent cation for activity. Although divalent cations were shown to enhance the activity of Cst-II, no bound metal was observed in the active site of Cst proteins and pST3Gal-I (Chiu et al. 2004 (Chiu et al. , 2007 Rao et al. 2009 ). As described in the "topology of eukaryotic STs" section, the GT29 enzymes are characterized by the presence of four conserved peptide sequences, termed sialylmotifs (Figure 2) . The functional significance of the sialylmotifs L and S was first assessed by site-directed mutagenesis, using the human ST6Gal-I as a model. The mutagenesis of the most conserved residues led to the conclusion that the motif L is mainly involved in donor substrate binding (Datta and Paulson 1995) , whereas mutations in the motif S were shown to affect both donor and acceptor binding (Datta et al. 1998) . Each of the two sialylmotifs L and S comprises an invariant cysteine residue and experimental data indicated that they participate to the formation of an intramolecular disulfide linkage that is essential for maintaining an active conformation of the enzyme (Datta et al. 2001 ). This was confirmed in the recently solved pST3Gal-I crystal structure (Rao et al. 2009 ). The sequence consensus of motif 3 in human STs, rich in aromatic amino
) (capital letters and lowercase letters indicate a strong or low occurrence of the amino acid, respectively) and the one of sialylmotif VS is H-x 4 -E. The functional importance of the sialylmotifs 3 and VS was investigated previously, using the human ST3Gal-I as a model (Jeanneau et al. 2004) . Each residue of the motif 3 ( 299 -H-Y-W-E) was mutated as well as the two invariant amino acids (H316 and E321) of motif VS. Results showed that residues H299, Y300 and H316 are essential for activity since their substitution by alanine yielded inactive enzymes. The invariant Y300 appears to play an important conformational role mainly attributable to the aromatic ring. In contrast, the mutants W301F, E302Q and E321Q retained significant enzyme activity (25-80% of the wild type). Kinetic analyses and CDP binding assays indicated that the mutant proteins which retained activity were affected in their binding to the acceptor and/or demonstrated lower catalytic efficiency. These results highlighted the importance of aromatic residues of motif 3, particularly Y300. Mutational analyses tend to indicate that motif VS is part of the active site, mainly located on the acceptor side or at the vicinity of both donor and acceptor sugar substrates (Jeanneau et al. 2004 ). The functional role of the conserved His residue of motif VS was also assessed in the polySTs ST8Sia II and IV (Kitazume-Kawaguchi et al. 2001) . In both enzymes, the replacement of this residue by a lysine was shown to be critical for activity, thus reinforcing the hypothesis of its involvement in catalysis. In the light of the crystal structure of pST3Gal-I (Rao et al. 2009 ), the large sialylmotif L encompasses four out of the seven core β-strands and therefore forms part of the nucleotide-binding domain as previously suggested by mutagenesis. Sialylmotif S is positioned in line with the bound electronegative donor sugar. The conserved His residue of motif 3 (H302 in pST3Gal-I) was shown to form a direct interaction with the phosphate group of donor. Phosphate is also stabilized by interactions with two conserved polar residues (N150 and N173) of motif L. The invariant His residue of motif VS (H319) is proposed to be the catalytic base (Figure 2 ). The various ST groups (ST6Gal, ST6GalNAc, ST3Gal, ST8Sia) differ from each other in their linkage specificity and in the nature of the acceptor substrate. Unique peptide motifs characteristic of each ST group have been described (Patel and Balaji 2006; Harduin-Lepers 2010) . These motifs are expected to contribute to the differences in the linkage and/or acceptor specificities of each group of enzymes. Two motifs specific to the ST3Gal group were identified in the region between the sialylmotifs L and S, located at positions [187] [188] [189] [190] [191] [192] [193] [194] [195] [196] and [212] [213] [214] [215] [216] [217] [218] [219] in pST3Gal-I. Modeling the position of the sialic acid moiety in the active site of pST3Gal-I suggested that one amino acid (Y194) present in one motif could provide specificity for the sialic acid donor (Rao et al. 2009 ). However, the role of these motifs in conferring linkage and/or acceptor specificity still needs to be experimentally investigated. Structural alignment of the catalytic domains of Cst-I, Cst-II and pST3Gal-I shows that the regions that were more easily aligned correspond in fact to the four sialylmotifs, particularly the S and VS motifs ( Figure 2 ; Rao et al. 2009 ). It is striking to note the excellent conservation of most of the residues involved in CMP binding in these regions. The conservation of His as the proposed catalytic base in mammalian STs and bacterial Cst-II is also a characteristic of these two ST families. Because GT73 protein members give very high scores, using the fold recognition program Phyre The second structural ST superfamily (GT-B fold), which comprises protein members belonging to families GT38, GT52 and GT80, is characterized by the presence of two short conserved motifs (D/E-D/E-G and H-P; Freiberger et al. 2007 ; Figure 3 ). In the light of the crystal data of GT80 enzymes, the second acidic residue of the D/E-D/E-G motif (D141 in Δ24PmST1) was shown to interact with lactose acceptor and point mutation suggested that it acts as a general base in catalysis (Ni et al. 2007 ). Both residues of motif H-P are involved in CMP binding. In particular, the histidine residue (H311 in Δ24PmST1) was shown in all 3D structures to interact with the phosphate group and its function could be to stabilize the phosphate leaving group (Ni et al. 2007 ). The proline residue of motif H-P establishes contacts with cytosine. In addition to these two motifs, a glutamate residue (E338 in Δ24PmST1) that contacts ribose is also found conserved throughout this large family. The corresponding residues are E338 in P. multocida Δ24PmST1 (GT80), E312 in N. meningitidis SiaD (GT38) and E300 in Lst, an α2,3-ST from N. gonorrhoeae (GT52). Although we predict a GT-B fold for CMP-KdoTs of family GT30, we were unable to detect the presence of the D/E-D/E-G motif. However, these enzymes display a highly conserved P-R-H-P-x-R motif, located at a similar position (at the end of the predicted β2-strand of the C-terminal nucleotide-binding domain) as the H-P motif found in bacterial STs (Figure 3) . Alteration of the conserved Arg residue in this region was previously shown to inactivate the activity of GseA, a CMP-KdoT from Chlamydia trachomatis (Ekpo and Nano 1992) .
Catalytic mechanisms
GTs are classified into two basic categories: the inverting and retaining enzymes. In the case of an inverting enzyme, a monosaccharide α-linked to its donor is β-linked in the final product (or vice versa), whereas there is no change in the anomericity of the transferred sugar with a retaining enzyme. Our understanding of catalytic mechanism of GTs is still limited, especially for retaining enzymes. STs are metal-ionindependent inverting enzymes, and as such, catalysis is believed to follow a single displacement mechanism that involves nucleophilic attack of the OH group of the acceptor on the anomeric center of the donor sugar. A catalytic residue serves as a general base to deprotonate the reactive oxygen of the acceptor. Inverting reaction occurs with the formation of an oxocarbenium-ion transition state and is concomitant with the departure of the nucleotide leaving group. There is theoretical and structural evidence to support such a S N 2-like mechanism for inverting GTs (Kozmon and Tvaroska 2006; Ramakrishnan et al. 2006; Lairson et al. 2008; Krupicka and Tvaroska 2009 ). As it is observed in numerous GTs, catalysis in STs occurs in a close and active conformation that results from the movement of loops and/or domains induced from the initial binding of the nucleotide sugar. Such movements that are thought to help in defining the acceptor binding site are usually indicative of an ordered bi-bi mechanism. They have been observed both in GT42 and GT80 enzymes (Chiu et al. 2004 (Chiu et al. , 2007 Ni et al. 2006 ). This mechanism, by excluding water molecules, is thought to prevent unwanted hydrolysis of the nucleotide sugar in the absence of acceptor. However, comparison of the apo and ligand-bound forms of pST3Gal-I (GT29) revealed few differences, suggesting that the acceptor binding site is preformed. This observation is consistent with the random order mechanism that has been determined for this enzyme (Rearick et al. 1979) .
Catalytic mechanism of STs of families GT29 and GT42 (GT-A variants) has the particularity to involve a His residue as the catalytic base (H202 in Cst-I, H188 in Cst-II and H319 in pST3Gal-I; Figure 4) . Although it is an unusual residue to serve as the catalytic base for glycosyl-transfer reaction, recent data strongly support the hypothesis that Cst-II employs His188 as the general base in a direct displacement S N 2-like inverting mechanism (Chan et al. 2009) . A His residue has also been proposed for a subgroup of inverting GT-B enzymes belonging to GT1 (Offen et al. 2006; Lairson et al. 2008 ). In both Cst-I and Cst-II proteins, an Arg residue nearby the catalytic His residue is proposed to play a role in regulating the pKa of the general base (Chiu et al. 2004 (Chiu et al. , 2007 . Striking differences are observed in GT80 STs where the most likely candidate for catalytic base is an Asp residue (D141 in Δ24PmST1). Different strategies are used to facilitate the departure of the phosphate leaving group. This role is attributed to two conserved tyrosine in Cst-I and Cst-II, whereas in pST3Gal-I and GT80 STs, the phosphate is stabilized by interactions with a conserved basic residue (H302 of motif 3 in pST3Gal-I and H311 of motif H-P in Δ24PmST1) and polar residues (N150 and N173 of sialylmotif L in pST3Gal-I and S356 in Δ24PmST1; Figure 4) .
Structural data are still scarce to understand the precise molecular bases that account for acceptor substrate specificities. A tyrosine residue (Y269 in pST3Gal-I) is proposed to be a key determinant for ST3Gal enzymes that use preferentially Galβ1-3GalNAc-R acceptors (Rao et al. 2009 ). Differences in acceptor specificity between Cst-I and Cst-II are attributed to the lid domain region that probably plays a major role in selecting different acceptor molecules (Chiu et al. 2007 ). Fine structural details in the acceptor pocket may explain α2,3-vs. α2,6-reaction specificity in GT80 STs. As shown in the 3D structures of Δ24PmST1, there are possibly two distinct lactose-binding orientations that could explain the dual α2,3-and α2,6-ST activities of PmST1 (Ni et al. 2007) . A histidine residue in psp26ST (H123) is thought to dictate the strict α2,6-specificity observed for this enzyme (Kakuta et al. 2008) . However, additional experiments are needed to test these hypotheses.
Conclusion
The past 5 years have seen major advance in the field of sialic acid biology with the first 3D structures of bacterial and mammalian STs. The essential roles of sialosides in the biology of both mammals and microbial pathogens have stimulated interest in these enzymes that are potential targets for therapeutic Fig. 3 . Conserved motifs of STs belonging to the GT-B structural superfamily. The two conserved motifs previously described by Freiberger et al. (2007) , characteristics of bacterial STs of families GT38, GT52 and GT80 are represented with protein sequences representative of each family. Family GT80 representatives correspond to the three bacterial STs with solved crystal structures (Ni et al. 2006; Kakuta et al. 2008; Iwatani et al. 2009 ). Motifs D/E-D/E-G and H-P are located at the end of strand β5 in the N-domain (Nβ5) and strand β2 in the C-domain (Cβ2), respectively (as indicated by an arrow). Family GT52 is represented by the α2,3-ST (Lst) from N. gonorrhoeae (P72074, UniProtKB), and the α2-GlcT (WaaH) from S. enterica subsp. arizonae (Q7B6E0). Family GT38 is represented by the α2,8-polySTs SiaD from N. meningitidis (Q51281), and NeuS from E. coli (A1AFL1). Family GT30 is represented by a Kdo transferase (KDTA) from E. coli (P23282) and a putative A. thaliana KDTA sequence (At5g03770). Shading code is as in Figure 2 .
Structural aspects of sialyltransferases development. These structural data provide a useful framework for understanding the enzyme properties and for the structure-based design of specific ST inhibitors. A sequencebased classification places all known STs into five distinct families. The eukaryotic STs are grouped into a single family (GT29), whereas bacterial STs are spread into four families (GT38, GT42, GT52 and GT80). Structural data revealed that STs, like most other GTs, fall into the two general fold types, the so-called GT-A and GT-B folds. The structures of STs of family GT29 and GT42 are variants of the GT-A fold, whereas STs of family GT80 adopt the classical GT-B fold. The presence of conserved peptide motifs together with fold predictions suggests that STs of families GT38 and GT52 would also adopt a GT-B fold. These two ST structural superfamilies not only differ in their spatial arrangement but also in the nature of their active site residues, notably the catalytic base (a histidine or an aspartate residue), thus suggesting that they have evolved independently. Although KdoTs, which classify into families GT30 and GT73, are not sequence related to STs, they are predicted to belong to the same structural superfamilies. Despite considerable progress in GT structural glycobiology, our knowledge of catalytic mechanism is still extremely limited owing to the complex reaction mechanism and the conformational plasticity of many GTs, including STs. Additional structural, modeling and mutational studies are needed to further progress in the understanding of these enzymes. Particularly, getting structures of various members of the mammalian ST family would be invaluable for detailed mechanistic studies and for unraveling their remarkable functional diversity.
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